Background. Corneal neovascularization is considered an important risk factor for allograft rejection after corneal transplantation (keratoplasty). Therefore, the aim of this study was to determine whether preoperative reduction of corneal neovascularization by fine-needle thermal cauterization combined with bevacizumab reduces the incidence of allograft rejection after subsequent high-risk keratoplasty. Methods. In this interventional uncontrolled clinical pilot study, 31 eyes of 31 patients with corneal neovascularization in at least one corneal quadrant were included. All eyes were treated by fine-needle thermal cauterization of corneal vessels and subconjunctival injection of bevacizumab. Both treatments were repeated in the cases of visible reperfusion of occluded vessels. Afterward, penetrating keratoplasty was performed. When corneal neovascularization was present on the day of keratoplasty, additional vessel cauterization and injection of bevacizumab was performed. Patients were then followed to determine the incidence of allograft rejection. Results. In 18 eyes, vessel cauterization with bevacizumab injection was performed once before keratoplasty, whereas 13 eyes required retreatment before keratoplasty. No complications were observed. In 23 eyes, corneal neovascularization was present on the day of keratoplasty due to reperfusion of previously occluded vessels and simultaneous vessel cauterization with bevacizumab injection was performed. During follow-up (mean: 560 days; range: 59-1095 days), 4 graft rejection episodes in 4 eyes were observed. Estimated probabilities of corneal graft survival were 92.9% after 1 year (number at risk: 23), 78.4% after 2 years (number at risk: 9), and 78.4% after 3 years (number at risk: 3). Conclusions. Our initial results indicate that angioregressive treatment of pathological corneal vessels by fine-needle thermal cauterization combined with subconjunctival injection of bevacizumab before high-risk keratoplasty seems to result in graft survival rates comparable to survival rates seen in normal-risk keratoplasty. The findings of our pilot study warrant further controlled clinical trials with longer follow-up in a larger patient cohort. allograft rejection after penetrating corneal transplantation (keratoplasty). 4 Whereas grafts placed into nonvascularized recipients have a 5-year survival rate of >80%, 5, 6 the risk of graft rejection is more than doubled when corneal grafting is performed in prevascularized corneas. [7] [8] [9] Thus, antiangiogenic therapy seems to be feasible, and animal studies have shown that this is a valid approach to improve high-risk corneal graft survival. [10] [11] [12] [13] [14] Also in the clinical setting, several strategies have been established to reduce corneal neovascularization before surgery, including laser or fine-needle thermal cauterization of pathological corneal neovessels, application of immunomodulatory or anti-vascular endothelial growth factor agents, and others. [15] [16] [17] [18] [19] [20] [21] However, it is so far unknown whether these strategies are indeed effective in reducing the risk of corneal allograft rejection in the clinical setting. Thus, the aim of this pilot study was to determine the impact of angioregressive treatment of pathological corneal vessels by fine-needle thermal cauterization combined with subconjunctival injection of the vascular endothelial growth factorblocking antibody bevacizumab on the incidence of allograft rejection after subsequent high-risk keratoplasty.
MATERIALS AND METHODS
In this interventional uncontrolled single-center study, 31 eyes of 31 patients (17 female, 14 male) with corneal neovascularization in at least one corneal quadrant were enrolled. Neovascularization was graded from slit-lamp pictures in a standardized fashion. 15 Before keratoplasty, fine-needle thermal cauterization of corneal vessels and subconjunctival injection of bevacizumab (2.5 mg in 0.1 mL) was performed as described previously. 19, 20 Bevacizumab was injected into the subconjunctival space that was closest to the area(s) with corneal neovascularization. In the cases of reperfusion of the occluded vessels, both treatments were repeated (after 4 wk at the earliest). Afterward, penetrating keratoplasty was performed. When neovascularization was still present on the day of keratoplasty due to reperfusion of previously occluded vessels, additional vessel cauterization and bevacizumab injection was performed. Twenty-five eyes received a non-HLA-matched graft and 6 eyes a HLAmatched graft. Postoperatively, patients were treated with topical prednisolone acetate 1% (5× daily), which was tapered monthly (5× daily for 1 mo, 4× daily for 1 mo, 3× daily for 1 mo, 2× daily for 1 mo, 1× daily for 1 mo), and kept at one drop per day indefinitely, antibiotics (Ofloxacine, 3× daily for 2 wk), and lubricants (5× daily indefinitely). Afterward, patients were followed regularly (at 1, 3, 6, 12, 18, 24, and 36 months after keratoplasty and at any additional visit). The diagnosis of endothelial graft rejection was based on characteristic signs on slit-lamp biomicroscopy, including hyperemia, anterior chamber reaction, keratic precipitates confined to the corneal graft, and graft edema. 6 Distribution of time-to-event data was described by the Kaplan-Meier method using SPSS Statistics 25 (IBM Corp., Armonk, NY).
The study was performed in conformance with the tenets of the Declaration of Helsinki and adheres to all German federal and state laws. Written informed consent was obtained from all patients before surgery.
RESULTS
Of the 31 eyes enrolled in this study, 7 had preexisting vessels in 1 corneal quadrant, 5 in 2 quadrants, 5 in 3 quadrants, and 14 in 4 quadrants. Underlying causes for corneal opacification and neovascularization were herpetic keratitis (n = 15), bacterial keratitis (n = 6), chemical burn (n = 4), perforating ocular trauma (n = 4), and acanthamoeba keratitis (n = 2). Twelve eyes had a history of a previous graft (penetrating keratoplasty). In 18 eyes, vessel cauterization with bevacizumab injection was performed once before keratoplasty ( Figure 1A ), whereas 13 eyes required retreatment before keratoplasty due to reperfusion of occluded vessels (9 eyes: 2×; 4 eyes: ≥3×). No intra-or postoperative complications were observed. The mean time between (last) cauterization with bevacizumab application and keratoplasty was 309 days (in eyes that did not receive simultaneous keratoplasty and vessel cauterization; range 27-794 days, n = 8, Figure 1B) . In 23 eyes, neovascularization was still present on the day of keratoplasty due to reperfusion of previously occluded vessels (10 of 18 eyes that were once treated with vessel cauterization and bevacizumab before keratoplasty and 13 of 13 eyes that were treated more than once before keratoplasty) and corneal vessel cauterization with bevacizumab application was performed simultaneously. During follow-up (mean followup time: 560 days; range: 59-1095 days), 27 eyes showed no signs of corneal graft rejection ( Figure 1C ). In the remaining 4 eyes, 4 graft rejection episodes were observed (Figure 2) . The time between keratoplasty and diagnosis of rejection was 68, 338, 512, and 661 days, respectively. All rejection episodes occurred in eyes where vessel cauterization with bevacizumab application had been performed simultaneously to keratoplasty due to reperfusion of previously occluded vessels. One of the 4 eyes with graft rejection had a history of a previous graft. This eye was the only case in the HLA-matched group with graft rejection; the remaining 3 graft rejections were observed in the non-HLA-matched group. One of the 4 eyes with graft rejection (non-HLA-matched graft) had neovascularization in two corneal quadrants, whereas the remaining 3 eyes (2 non-HLA-matched grafts, 1 HLA-matched graft) had neovascularization in all 4 quadrants before cauterization and bevacizumab injection. One of the 4 rejection episodes (non-HLA-matched graft) resulted in graft failure and this eye required a regraft, whereas in 3 cases (2 non-HLA-matched grafts, 1 HLA-matched graft) graft failure could be avoided by intensified treatment with glucocorticosteroids (characteristics of eyes with graft rejection are shown in the Table 1 ). Based on these findings, the estimated probabilities of corneal graft survival after keratoplasty were 92.9% after 1 year (number at risk: 23), 78.4% after 2 years (number at risk: 9), and 78.4% after 3 years (number at risk: 3) for all eyes (non-HLA-matched and HLA-matched grafts) and 95.8% after 1 year (number at risk: 18), 75.8% after 2 years (number at risk: 6), and 75.8% after 3 years (number at risk: 2) for eyes with non-HLA-matched grafts (the Kaplan-Meier estimates of cumulative graft survival are shown in Figure 3 ).
DISCUSSION
Penetrating keratoplasty in nonvascularized corneas has a 5-year survival rate of >80%. 5, 6 However, when keratoplasty is performed in prevascularized corneas, the risk of graft rejection is more than doubled. [7] [8] [9] Experimental studies indicate that pathological corneal vessels ease the connection of the graft with the secondary lymphoid organs, leading to accelerated sensitization against donor antigens and augmented access of immune effector cells to the graft. 2 Thus, successful antiangiogenic treatment strategies for the preconditioning of these high-risk eyes before keratoplasty have been developed in animal models. 10, 11, 13 However, clinical studies analyzing whether preoperative reduction of corneal neovascularization is indeed effective in reducing the risk of corneal allograft rejection are missing. The initial results of our pilot study indicate that thermal fine-needle cauterization of pathological corneal vessels combined with subconjunctival injection of bevacizumab before or during high-risk penetrating keratoplasty results in rejection-free graft survival rates of >90% after 1 year and almost 80% after 2 and 3 years.
In the largest report on fine-needle cauterization of corneal neovascularization, Trikha and colleagues 22 have shown that this treatment is safe with a very low rate of complications, but retreatments might be required. We also did not note any complication during vessel cauterization and bevacizumab injection, but 23 of 31 eyes required at least one retreatment, which is slightly higher than the retreatment rate reported by Trikha and colleagues. 22 Limitations of our study are the heterogeneity of the study patients (in terms of vascularized quadrants before treatment and in terms of HLA matching), lack of a control group, and the relatively small patient number. Thus, only comparison to historical controls is possible. Williams and colleagues 5 have previously reported on the largest cohort followed after keratoplasty and have determined graft survival rates in nonvascularized versus vascularized recipients. Graft survival rates were 96% after 1 year, 87% after 3 years, and 62% after 9 years in recipients without corneal neovascularization, and 90% after 1 year, 70% after 3 years, and 36% after 9 years in recipients with corneal neovascularization, indicating that survival rates in these high-risk eyes continuously decrease during follow-up. In our study, rejection-free survival rates were 96% after 1 year and 76% after 3 years (for non-HLA-matched keratoplasties), indicating an improvement of graft survival when compared with the cohort reported in the study by Williams and colleagues, although the follow-up time in our study is rather short and data on longer follow-up in our patients are not yet available. We therefore cannot rule out that graft rejections might occur at later stages. Thus, further controlled clinical trials with longer follow-up in a larger population are necessary to confirm the results of our pilot study. Beyond that, studies will have to show whether, for example, additional postoperative antiangiogenic therapy might further increase corneal graft survival, as already demonstrated in the experimental setting. 10 In summary, our initial results indicate that pretransplant angioregressive treatment of pathological corneal neovessels by fine-needle thermal cauterization combined with subconjunctival injection of bevacizumab is a well-tolerated and safe approach and seems to be effective in reducing the risk of allograft rejection after high-risk penetrating keratoplasty. Nonetheless, future approaches should further optimize the outcome after high-risk grafting by even further reducing the immune reaction risk. In addition, a prospective randomized study is needed.
